The well-known paradoxic behavior of atrioventricular conduction, the so-called gap phenomenon, that occurs when impulses within a certain range of coupling intervals are blocked while impulses with shorter coupling intervals are conducted is attributed to differences in properties of refractoriness in neighboring regions of the conduction system. In contrast, in the present study a model was developed showing a similar phenomenon, dependent on different electrophysiologic mechanisms and localized within the atrioventricular node in an isolated rabbit heart tissue preparation (n=11). The hearts were paced at cycle length of 400-500 msec, and atrioventricular nodal conduction times (A2H2) were measured versus atrial extrastimulus (A1A2) coupling intervals by standard extrastimulus techniques. Postganglionic vagal stimulation was applied in the atrioventricular node as short bursts of subthreshold (for myocardium) stimuli with duration of 50-150 msec, amplitude of 20-800 ,uA, and absolute phase (delay after A,) of 0-500 msec. Vagal bursts with appropriate parameters consistently produced bimodal conduction curves. Initially, gradual shortening of the A1A2 coupling interval was associated with an increasing A2H2, with an accentuated increase (or even atrioventricular block) within an intermediate A1A2 range. However, further shortening of the A1A2 coupling interval produced a decrease in A2H2, which subsequently was followed by a block at the effective refractory period. Microelectrode recordings indicated that this characteristic bimodal pattern of conduction curves, demonstrating a gap, reflected transient vagally induced hyperpolarization in the N region of the node. In those instances where conduction block occurred and gap was manifest, the most marked hyperpolarization coincided with the time of arrival of midcycle premature extrastimuli, whereas the conduction of extrastimuli with either more or less prematurity was under less-marked vagal influence. Thus, this study demonstrates a new electrophysiologic mechanism producing anomalous conduction curves and the gap phenomenon within the atrioventricular node based on vagal-induced nonuniform recovery of diastolic excitability. (Circulation 1989;79:417-430) T he term "gap in atrioventricular conduction" was originally used by Moe et all to describe a seemingly paradoxical electrophysiologic phenomenon-premature atrial stimuli with progressively decreasing coupling intervals conducted to the ventricles with increasing PR intervals until atrioventricular block occurred. However, a further decrease in the coupling interval of the atrial stimulus was unexpectedly associated with restored From the cardiovascular divisions
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The well-known paradoxic behavior of atrioventricular conduction, the so-called gap phenomenon, that occurs when impulses within a certain range of coupling intervals are blocked while impulses with shorter coupling intervals are conducted is attributed to differences in properties of refractoriness in neighboring regions of the conduction system. In contrast, in the present study a model was developed showing a similar phenomenon, dependent on different electrophysiologic mechanisms and localized within the atrioventricular node in an isolated rabbit heart tissue preparation (n=11). The hearts were paced at cycle length of 400-500 msec, and atrioventricular nodal conduction times (A2H2) were measured versus atrial extrastimulus (A1A2) coupling intervals by standard extrastimulus techniques. Postganglionic vagal stimulation was applied in the atrioventricular node as short bursts of subthreshold (for myocardium) stimuli with duration of 50-150 msec, amplitude of 20-800 ,uA, and absolute phase (delay after A,) of 0-500 msec. Vagal bursts with appropriate parameters consistently produced bimodal conduction curves. Initially, gradual shortening of the A1A2 coupling interval was associated with an increasing A2H2, with an accentuated increase (or even atrioventricular block) within an intermediate A1A2 range. However, further shortening of the A1A2 coupling interval produced a decrease in A2H2, which subsequently was followed by a block at the effective refractory period. Microelectrode recordings indicated that this characteristic bimodal pattern of conduction curves, demonstrating a gap, reflected transient vagally induced hyperpolarization in the N region of the node. In those instances where conduction block occurred and gap was manifest, the most marked hyperpolarization coincided with the time of arrival of midcycle premature extrastimuli, whereas the conduction of extrastimuli with either more or less prematurity was under less-marked vagal influence. Thus, this study demonstrates a new electrophysiologic mechanism producing anomalous conduction curves and the gap phenomenon within the atrioventricular node based on vagal-induced nonuniform recovery of diastolic excitability. (Circulation 1989; 79:417-430) T he term "gap in atrioventricular conduction" was originally used by Moe et all to describe a seemingly paradoxical electrophysiologic phenomenon-premature atrial stimuli with progressively decreasing coupling intervals conducted to the ventricles with increasing PR intervals until atrioventricular block occurred. However, a further decrease in the coupling interval of the atrial stimulus was unexpectedly associated with restored atrioventricular conduction. Thus, the gap defined the blocked zone within the cardiac cycle, while stimuli with shorter (i.e., to the left of the gap) and longer (i.e., to the right of the gap) coupling intervals could be conducted.
Since the pioneering work of Moe et al,' several types of gaps during anterograde and retrograde atrioventricular conduction were described by recordings of His bundle activation. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] In all cases, the gap phenomenon was explained in terms of different refractory or conductive properties or both of two consecutive units of the conduction system (e.g., atrium-atrioventricular [AV] node, AV node-bundle of His, bundle of His-His Purkinje system). The prerequisite for the development of the gap phenomenon in most instances was the existence of a distal unit with an effective refractory period longer than the functional refractory period of the proximal unit.
The gap was manifest as block within the distal unit once the output coupling interval of the proximal unit reached the effective refractory period of the distal one. Conduction that had blocked in the distal unit would later be resumed provided the conduction delay within the proximal unit, produced by further shortening of the stimulus coupling intervals, increased sufficiently to ensure an output coupling interval longer than the effective refractory period of the distal unit.
One overview of the gap phenomenon1I described eight types of gap, including two types (so-called type 4 and type 5) during anterograde conduction, in which the AV node appeared as the distal (blocked) unit. In type 5 gap, the proximal delay, leading to resumption of AV nodal conduction, was generated in the atrium. In type 4 gap, no significant intra-atrial delay could be documented; hence, the gap phenomenon was explained either by proposing a hypothetical division of the AV node into proximal and distal units or in terms of longitudinal fast and slow pathways with distinctive conductive and refractory properties. 1"14"15 The purpose of this study was to demonstrate another possible mechanism leading to paradoxical behavior of AV nodal conduction during programmed electrical stimulation. This proposed mechanism is based on nonuniform recovery of excitability due to phasic vagal discharge and can lead to development of AV nodal gaps resembling those observed clinically. A preliminary report appeared in abstract form.16
Material and Methods Preparation
Experiments were performed with 11 New Zealand white rabbits with body weight of 2.5-3 kg. All experiments conformed to the National Institutes of Health Guide for Care and Use of Laboratory Animals and the Lankenau Animal Care policy. Under sodium pentobarbital anesthesia (30-50 mg/kg plus 1,000 units heparin i.v.) the hearts were quickly removed and atrial-AV nodal preparations were prepared after the procedures, described previously.17 They were mounted on a 5-mm thick silicone disk and placed in a custom-designed Louis, Missouri) was added as a /3-adrenergic blocking agent. 17, 19 Electrical Stimulation and Recording Bipolar electrode pairs were used to record surface electrograms and produce electrical stimulation for basic drive pacing and introduction of extrastimuli as well as for field stimulation of postganglionic vagal fibers in the AV node. All electrodes were prepared from Teflon-insulated platinum wire (90% platinum and 10% Ir, diameter 0.2 mm, from Medwire). A diagram of the experimental set-up is shown in Figure 1 .
One pair of electrodes was positioned on the crista terminalis (CrT) at the input region of the AV node for recording and was juxtaposed with a more proximal pair of electrodes for pacing and extrastimulation. A third pair was used to record the bundle of His (H) electrogram. The fourth pair was used to produce postganglionic vagal stimulation in the AV node (PGVS-AVN), as previously described.17 '19 In brief, short bursts (duration, 50-150 msec) of current impulses with 1-msec duration and interimpulse interval of 7 msec were delivered by a custom-designed burst generator connected to a programmable stimulator (Bloom Associates). The range of the subthreshold (for the myocardium) current intensities used for PGVS was usually 20-800 ,uA. The burst generator was synchronized with the CrT-electrogram and the time interval between the CrT-electrogram and the beginning of the PGVS-burst was designated as the absolute phase (APh). '7 The effect of PGVS on AV nodal conduction was evaluated by measuring the AV nodal conduction time as the interval between the CrT and H electrograms. Because the CrT-electrode was located close to the posterior input of the AV node, the measured time interval did not include a significant atrial conduction delay and thus represented a good approximation of the "true" AV nodal conduction time. The latter was measured by an electronic tachometer17 with a resolution of 1 msec. The stimulation-to-electrogram latency was constant and did not exceed 5 msec.
In addition, standard glass (Kwik-Fil, World Precise Instruments, New Haven, Connecticut) microelectrodes filled with 3 M KCl were used for recording action potentials from cells in the N region of the AV node.
The surface electrograms were amplified with Hewlett-Packard bioelectric amplifiers 8811A, while microelectrodes were connected to a S7000A Modular Microelectrode System (WPI). In addition, dV/dt was determined by a Bloom Associates differentiator. All signals were displaced on the screen of a storage oscilloscope (Textronix D15) and photographed with a Polaroid camera (C-59). The analog records displayed in Figures 2 and 6-7 were carefully retraced and superimposed to indicate more clearly the relations described in the text and legends.
Stimulation Procedures
The preparations were driven at a constant basic cycle length that was 15-60 msec shorter than the First, control conduction curves (A2H2 versus A1A2) were constructed with an extrastimulus with decreasing coupling intervals in steps of 20-50 msec at the longest coupling intervals and 10 msec at the shortest coupling intervals, delivered after each 20 basic beats, thus scanning the cycle length until prematurity-dependent AV nodal block occurred. The longest extrastimulus coupling interval used was limited by the sinus node recovery time after the last basic beat. Thus, when atrial drive was used, the longest extrastimulus coupling interval that could be achieved after stopping the basic drive was usually longer than the corresponding basic cycle length.
Second, the first procedure was then repeated, but the introduction of an extrastimulus was accompanied by the introduction of a single burst of PGVS with a predetermined amplitude and absolute phase (APh). Several APhs, from zero to the duration of the basic cycle length, were explored. Any given APh was kept constant during the introduction of all extrastimuli used to construct the corresponding conduction curve. The coupling intervals of the extrastimuli were shortened in 10-msec steps to better define specific portions of the conduction curves with anomalous behavior. Thus, in this part of the experiment, several series of extrastimulation were performed, each with certain fixed parameters of the PGVS-burst. Usually five to eight different APhs of PGVS were used to scan the entire basic cycle length. Because each extrastimulus was accompanied by a PGVS-burst and to avoid muscarinic receptor desensitization due to frequent nerve stimulation,2" a pause of at least 30-40 seconds was placed between the introduction of any two extrastimuli. The return of the AV nodal conduction time after each extrastimulus to the control value corresponding to the basic drive was used as an additional criterion indicating readiness for the next intervention.
Terms and Abbreviations
Atrial electrograms corresponding to basic beats were designated A1, and those corresponding to extrastimuli were marked A2. The terms "vagal effect," "vagal stimulation," and so on, are used for brevity instead of the phrase "effect of postganglionic vagal stimulation in the AV node." The term "gap" (in quotation marks) is used to describe the portions of those conduction curves where PGVS induced block at coupling intervals longer than those where conduction subsequently resumed. The term gap (without quotation marks) is used to refer to the phenomenon as described clinically." This issue is further addressed in "Discussion.'"
Results

PGVS-Induced Positive Slope in AVNodal Conduction Curves Leading to Development of "'Gap"
It is well established that usually AV nodal conduction delay increases in an exponential or hyper- *Coordinates of the spontaneous sinus cycle length and the corresponding atrioventricular nodal conduction time. Note that while the "normal" baseline conduction curve (control) in this instance and all other preparations always had a negative slope (i.e., increasing A2H2 with decreasing A,A2), several of the conduction curves generated during PGVS (curves d through g) had portions with positive slope (i.e., decreasing A2H2 at decreasing A,A2). Note that the portions with a positive slope corresponded to different ranges of A,A2 intervals with different absolute phases ofPGVS. (See text for details.) bolic manner21-23 during an increase in heart rate or shortening of the extrastimulus coupling interval. This classical behavior is illustrated in Figure 2A . The preparation was driven at a cycle length of 400 msec, and the last basic beat A, is shown superimposed with four consecutive extrastimuli with coupling intervals of 500, 400, 300, and 200 msec. The corresponding conduction times A2H2 shown at the bottom increased with the shortening of A1A2. In contrast, the behavior illustrated in Figure 2B is unexpected: upon the same shortening of A1A2, the conduction time first progressively decreased from 132 to 125 to 124 msec and then increased to 136 msec with the shortest A1A2 interval. The major difference between Panel A and Panel B in Figure 2 , apparently responsible for the observed phenomenon, was the introduction in Panel B of a PGVS-burst with APh of 250 msec, duration of 100 msec, and amplitude of 300 ptA. As seen in the intracellular recordings obtained from a cell in the central N region of the AV node, the PGVSburst produced marked hyperpolarization (arrow). Previously it was shown17 that this hyperpolarization had a characteristic time course over several hundred msec, gradually reaching a maximum neg--JL T- 300-500 300-500 PGVS, postganglionic vagal stimulation; AV, atrioventricular; A, spontaneous sinus cycle length or corresponding AV nodal conduction time; B, drive cycle length or corresponding AV nodal conduction time; C, range of parameters of postganglionic vagal stimulation (PGVS) used to demonstrate a positive slope in the AV nodal conduction curves-a specific combination (absolute phase, duration, and amplitude) was required to produce conduction curves with a positive slope in a given experiment; D, range of A1A2 intervals within which PGVS with moderate intensity produced a positive slope in the AV nodal conduction curve without AV nodal block; E, range of A1A2 intervals defining the width of the PGVS-induced "gap" (i.e., AV nodal block) at higher intensity of PGVS. ative membrane potential followed by a depolarization. It is clear that with the specific position of the PGVS-burst in the example shown in Figure 2B , the later extrastimuli arrived at the AV node at a moment when the membrane potential was more negative. Presumably, conduction of later extrastimuli reflected both the longer recovery time and the higher level of vagally induced depression of membrane potential.
A typical deformation of the control conduction curve during the introduction of PGVS with varying APhs is illustrated in Figure 3 . The introduction of any PGVS led to an increase in the A2H2 intervals, thus all curves after-PGVS (a through h) were shifted upward as compared with the control curve. However, only the curves that corresponded to the earliest APh (curve a, APh= 0 msec; curve b, APH = 50 msec) or the latest APh (curve h, APh = 350 msec) maintained a negative slope. In these A2H2 (ms) instances, A2H2 increased with shorter A1A2 coupling intervals, although the exponential character of the conduction curve was altered. In all other curves, different degrees of a positive slope were apparent. In curve d (PGVS with APh = 150 msec), for example, decreasing the A1A2 interval to 350 msec produced the expected increase in A2H2. However, with an A1A2 interval between 350 and 250 msec, the slope was positive and A2H2 decreased with the decrease in A1A2. Further shortening of the A1A2 coupling intervals restored the classic (i.e., negative) slope. Thus, the combined effects of an extrastimulus and an appropriately timed PGVSburst could produce a shortening of the AV nodal conduction time for a certain range of extrastimulus coupling intervals, manifest as a "dip" in the conduction curve.
Although changes in the control conduction curve similar to those shown in Figure 3 could be initiated FIGURE 4 . Plots of consecutive steps of deformation of the atrioventricular nodal conduction curve leading to development of "gap. " During the generation ofall curves (a through d), postganglionic vagal stimulation (PGVS) duration was 70 msec; the amplitude ofPGVS was 60 ,A for curves b and c and 70 ,A for curves a and d; the absolute phase (APh) ofPGVS is shown in the inset for the different curves. Note that a segment ofthe curves revealed a positive slope and, in the case of curve a, PGVS-induced depression of atrioventricular nodal conduction was sufficient to produce block, thus resulting in a "gap" between A1A2 at 380 msec and A1A2 at 270 msec. (See text for details.) in all but one of the 11 preparations (Table 1 , preparation 2), a specific deformation of the control conduction curve was dependent on the parameters of PGVS. Thus, not only the development of a positive slope but also a "disruption" of the conduction curve representing AV nodal block could be achieved ( Figure 4 ). The control conduction curve in this preparation (not shown) was similar to the control conduction curve in Figure 3 . In all cases (Figure 4 , curves a through d), the duration of the PGVS-burst was 70 msec, but the APh was different, as indicated in the inset. In addition, curves b and c were obtained with a PGVS amplitude of 60 ,uA, while in curves a and d the amplitude was increased to 70 ,uA. It is clear from Figure 4 that although in all curves a positive slope appeared, the combination of a specific duration, amplitude, and APh of the PGVS-burst was necessary to demonstrate the "gap" with AV nodal block. This combination (duration, 70 msec; amplitude, 70 gbA;
APh, 100 msec) was present during the plotting of curve a. It is clear that for A1A2 coupling intervals shorter than 380 msec but longer than 270 msec, AV nodal conduction was blocked. When the coupling interval was further shortened, AV nodal conduction resumed. Thus, the coupling intervals defining the "gap" in this case were: 270 msec <A1A2 < 380 msec. Furthermore, up to an A1A2 of 220 msec, the conduction delay shortened with the shortening of A1A2, thus creating the paradoxic positive slope in this conduction curve. A secondary increase in the AV nodal conduction time was always present with the shortest A1A2 intervals, and the expected AV nodal block was observed upon reaching the AV nodal effective refractory period. The data shown in Table 1 illustrate the range of the parameters of the PGVS-burst used to produce a positive slope in the control conduction curves (column C). The range of A1A2 coupling intervals defining the window of AV nodal block (i.e., the "gap") is also shown (column E). In one of the preparations (9), manifest "gap" (i.e., AV nodal block) could not be demonstrated although the positive slope in the conduction curve did exist; in this case, a further increase in the amplitude of PGVS produced local stimulation of the myocardium. Notably, the values shown in the table give the range of the PGVS parameters, but not every combination of amplitude and phase of PGVS could produce a positive slope or "gap" or both. Thus, while the duration and the amplitude of PGVS were usually responsible for the intensity of the vagal stimulation, the timing of PGVS (i.e., APh) was important in determining the conduction curve pattern. For example, a very late PGVS could not produce a positive slope or "gap" within the range of the A1A2 coupling intervals studied (Figure 3 , curve h). This was due to the low effectiveness of these PGVS-bursts and is in agreement with the previously described phasic effects of PGVS. 24 tion time of early and midcycle extrastimuli ( Figure  3 , curve a) but did not produce the characteristic positive slope leading to "gap." Cellular Mechanism of PG VS-Induced "Gap" in A V Node It is worth noting that not only did conduction resume at coupling intervals to the left of the "gap" (Figure 4 , curve a) but also that the absolute values of the conduction times in the left limb of the 
F.
conduction curve were shorter than those obtained with significantly longer coupling intervals just to the right of the "gap." Thus, even in the presence of relatively longer coupling intervals, PGVS could produce a profound depression of AV nodal conduction. In contrast (Figure 4 , curve a), the effect of PGVS was less pronounced at the shorter coupling intervals, thus permitting successful conduction.
The specific role of the vagus in the development of the gap phenomenon is further demonstrated in Figure 5 . The action potentials were recorded from the same cell in the N region of the AV node in all panels. The APh of PGVS used in this case was 300 msec, the amplitude was 330 ALA, and the duration of the burst was 125 msec. In Panels A through H, an extrastimulus was introduced after the last basic beat A1, with A1A2 coupling intervals from 200 to 650 msec. The corresponding conduction times, A2H2, show the development of a "gap" similar to the one shown in Figure 4 : shortening of A1A2 from 650 to 600 msec led to an increase in A2H2 from 98 to 118 msec (Panels H and G). The AV nodal conduction was blocked during the "gap" (A1A2 intervals of 550 and 500 msec; Panels E and F). On further shortening of the extrastimulus coupling interval, conduction resumed; the AV nodal conduction time, A2H2, initially shortened concomitantly with the coupling interval (Panels B through D) before a secondary increase in A2H2 appeared with the shortest A1A2 (Panel A).
As seen in Figure 5 , PGVS produced transient membrane hyperpolarization, which began 50-60 msec after the introduction of the vagal burst. The maximal level of vagally induced hyperpolarization was achieved approximately 300 msec after the beginning of the burst. Thus, extrastimuli with coupling intervals between 500 and 600 msec arrived in the N region of AVN at the time of maximal vagally induced hyperpolarization. As the latter was shown to be critically responsible for the depression of AVN conduction,17 one can explain the block observed in Panels E and F by the combined actions of a relatively late extrastimulus (500-550 msec) and a marked hyperpolarizing vagal effect.
An increase in the coupling interval to the right of the gap (i.e., to A1A2 of 600 and 650 msec in Panels G and H of Figure 5 ) not only allowed more time for AV nodal recovery after the basic beat A, but also was accompanied by less residual PGVS-induced hyperpolarization, presumably due to the gradual hydrolysis of acetylcholine. 19 Consequently, AV nodal conduction predictably improved with prolongation of A1A2. On the other hand, upon a decrease in the coupling interval to the left of the gap (i.e., to A1A2 coupling intervals of 450, 400, and 300 msec in Panels B through D of Figure 5 ) the interplay of two opposite mechanisms was apparent. First, at shorter coupling intervals, AV nodal recovery after the basic beat, A,, was incomplete, leading to greater conduction delay, as expected. Second, earlier extrastimuli activated the N region of the AV node at less negative levels of PGVS-induced hyperpolarization (compare Panels D and B in Figure 5 ). The combined action of these two opposite effects could produce shortening of the A2H2 interval as A1A2 was shortened, provided the relative effect of decreasing the vagal component was greater than that of increasing the prematurity. This was apparently the case as illustrated in Panels B through D of Figure 5 . When the coupling interval was shortened even further (Panel A), the vagal effect on the conduction of A2 was negligible, due to the relatively late occurrence of the PGVS burst with respect to the arrival of the A2 beat. However, when the A1A2 interval was this short, the effect of the prematurity of A1A2 per se was sufficient to produce further AV nodal delay and ultimately block (not shown) when the effective refractory period of the AV node was reached (see Figure 3 also). As might be anticipated, either combination (shorter A1A2 coupling interval plus lesser PGVSinduced hyperpolarization or longer A1A2 coupling interval plus greater PGVS-hyperpolarization) could produce comparable effects on AV nodal conduction. This is evident from the comparison of Panels D and G in Figure 5 . The depression of both action potential amplitude and dV/dt was similar despite the marked difference in A1A2 intervals (450 versus 600 msec, respectively). Moreover, the conduction time was further decreased in Panel B (100 versus 111 and 118 msec, respectively), although the extrastimulus coupling interval was even shorter (300 msec). The importance of a specific combination of extrastimulus timing and PGVS in the development of a "gap" suggests that the response of the AV node might not be dependent on a linear summation of these two factors. The results illustrated in Figure 6 show that a relatively small change in the APh of PGVS can markedly influence the organization of conduction through the AV node and subsequently the pattern of the "gap." The top traces in Panels A and B represent the last basic beat, A,, and the superimposed extrastimuli, A2, with the coupling intervals shown in the columns at the right. The same cell from the N region of AV node was impaled in each of these records. The corresponding action potentials and H-electrograms are displayed from top to bottom in a sequence of increasing A1A2 intervals. In both Panels (A and B) PGVS was applied with an amplitude of 64 AA and dura- Of importance, the conduction pattern was clearly different in Panels A and B of Figure 6 . During "gap" in Panel A, only local responses were recorded from the impaled N cell at A1A2 intervals between 250 and 400 msec. In addition, humps can be noted both after (downward arrow) and preceding (upward arrow) the action potential: after the inscription of the action potential at A1A2 of less than 250 msec and preceding the inscription of the action potential at A1A2 of more than 400 msec. In contrast, the action potentials in Panel B had a higher amplitude and were more homogeneous, with smaller humps (arrow) only on the descending portion of the action potential. Thus, the conduction patterns in Panels A and B represented not only a simple time shift of the effect of PGVS but also a concomitant change in the organization of conduction in the AV node.
Findings similar to those illustrated in Figures 4 and 6 were observed in nine of the 11 preparations studied, although the specific relation between the parameters of PGVS and the "gap" pattern varied in different preparations.
PGVS-Induced Versus Prematurity-Induced Depression of Nodal Conduction
The complex way in which the prematurity of an extrastimulus and vagal stimulation interact to produce the "gap" might reflect different underlying mechanisms of developing AV nodal block. Moreover, the depressive effects of premature activation (through the refractory properties of AV nodal cells) and of PGVS (through acetylcholine-induced hyperpolarization) might not necessarily be focused on the same group(s) of AV nodal cells. The results shown in Figure 7 explore this possibility. In this preparation, the electrode for PGVS was located in the central N region of the AV node and the vagal burst had a duration of 120 msec and an APh of 300 msec. Two consecutive microelectrode impalements were performed: one in a cell distal to the PGVS electrode toward the N-NH border (Panels A and B) and another in a cell proximal to the PGVS electrode toward the AN-N border (Panels C and D). The following stimulation procedures were used to distinguish the effects of prematurity and PGVS.
With the microelectrode impaled in the distal cell (Panels A and B). First (Panel A), the A1A2 interval was kept constant (500 msec), and the amplitude of the PGVS burst was increased from 200 to 300 ,uA in 20-,uA steps. The superimposed records show a gradual depression of the action potential amplitude and duration until only a local response was observed and, consequently, AV nodal block with a PGVS amplitude of 300 juA (arrows). Thus, the PGVSinduced AV nodal block appeared to be localized close to the impaled cell. Second, (Panel B; note different time base versus Panel A), the coupling interval AIA2 was gradually decreased while no PGVS was performed. The three superimposed records in Panel B correspond to A1A2 coupling 1<1 FIGURE 7. Tracings ofpostganglionic vagal stimulation (PGVS)-induced versus prematurity-induced atrioventricular nodal block. In this experiment, the PGVS electrode was located in the middle of the N region. In Panels a and b, the action potentials (APs) were recorded from a cell just distal to the PGVS electrode, while in Panels c and d, the microelectrode was impaled proximal to the PGVS electrode. The distance between the two impaled cells was approximately 1.5-2.0 mm. The records obtained during the procedures explained below are superimposed on the corresponding tracings. Panel a: A1A2 interval was 500 msec. PGVS (horizontal bar) with absolute phase of 300 msec, duration of 125 msec, and increasing amplitude from 200 to 300 MA produced gradual depression of the action potential, increase in the A2H2 interval, and, finally, atrioventricular nodal block (downward arrow). The latter corresponded to the local response (upward arrow) registered in the action potential record. This development suggests that PGVS induced block resulted from depression of the fibers in close proximity to the impaled fiber. Panel b: With the microelectrode in the same cell as in Panel a, the A1A2 interval was gradually shortened, but no PGVS was introduced. The shortest interval at which there was AVnodal conduction was 170 msec and the recorded action potential had an almost normal amplitude. At A1A2 of 165 and 160 msec (arrows in crista terminalis (CrT) trace), the impaled cell was not depolarized (upward arrow) and an H electrogram was not recorded (downward arrow). The sudden disappearance of conduction through the impaled fiber suggests that prematurity-dependent block developed in a more proximal region of the node (see below). Panel c: Same experimental procedure as in Panel a, but with the microelectrode in the proximal cell. Two records-with PGVS amplitude of 240 and 300 ,A-are superimposed. Note that atrioventricular nodal block (arrow) occurred without a change in the inscription of the action potential of the impaled cell. Panel d: With the microelectrode in the same cell as in Panel c, the experimental sequence previously described in Panel b was repeated. The records obtained with A1A2 intervals from 280 msec (right) to 160 msec (left) are superimposed. Note the gradual depression of the recorded action potential as the coupling interval decreased. With A1A2 of 160 msec (arrow in CrT trace), only a local response (upward arrow) was recorded, corresponding to the absence of the H electrogram (downward arrow). (See text for details.) Calibration (in Panel d): horizontal, 100 msec (for Panels a and c) and 50 msec (for Panels b and d); vertical, 50 mV (for the action potentials (APs)) and 25 V/sec for dV/dt. intervals of 170, 165, and 160 msec. While the extrastimulus with A1A2 of 170 msec was conducted, those with A1A2 of 165 and 160 msec did not produce a response in the impaled cell and were followed by AV nodal block (arrows). Thus, a shortening of the coupling interval by only 5 msec produced a sudden change in the activation of the distal cell. This suggests that the prematurityinduced AV nodal block occupied a more proximal area of the node, as demonstrated later (see below).
With the microelectrode impaled in the proximal cell (Panels C and D). First (in Panel C), similar to Panel A, the coupling interval A1A2 was kept constant (500 msec) and the amplitude of the PGVS burst was gradually increased. The two superimposed records in Panel C were obtained with PGVS amplitudes of 240 and 300 ,gA. As seen, no change in the action potential was detected, although the PGVS-burst of 300 juA produced AV (right) to 160 msec (left) in 20-msec steps. The increasing prematurity was clearly associated with gradual depression of the action potential amplitude of this proximal cell until only a local response was observed and was followed by AV nodal block with an A1A2 of 160 msec (arrows). These observations suggest that the depression of AV nodal conduction produced by vagal stimulation and that produced by the prematurity of the extrastimulus could possibly involve different cell groups. Hence, the combined effect of extrastimulus prematurity and the vagus could have complex effects on the organization of conduction through the AV node.
Masking of the Positive Slope by Changes in the Effectiveness of PGVS
It is well known from analysis of the classic gap phenomenon'l that both masking and unmasking, as well as conversion of one type to another type of gap, could be produced by alterations in the relation between the refractoriness of various parts of the atrioventricular conduction system. For example, abolishment of a gap between the AV node and His Purkinje system was demonstrated by decreasing the cycle length," as well as by the use of ,B-adrenergic blocking agents or digitalis.9 Alternatively, atropine, by altering refractoriness within the AV node, was shown to induce a gap involving the more distal portions of the conduction system,3 while shortening of the cycle length facilitates gap between the atrium and the AV node. 10 Although the phenomenon of a clinical gap is usually associated with conduction block, the prerequisite for the development of PGVS-dependent "gap," as shown in Figures 3 and 4 , was the occurrence of a positive slope in the conduction curve (i.e., an increase in the AV nodal conduction time accompanying an increase in the coupling interval). Using this broader criterion, we examined the effect of two agents, atropine and physostigmine, on PGVS-induced "gap." In all cases (n = 4 in each group), both atropine (4 x 10 6 M) and physostigmine (10 6 M) eliminated the development of the positive slope. While the result in the presence of atropine is in clear agreement with the elimination of the hyperpolarizing effect of PGVS, the action of physostigmine was unexpected. Additional studies (unpublished data) revealed that at relatively high doses (10 6 M), physostigmine produced a modest membrane hyperpolarizing effect but clearly depressed the additional hyperpolarizing effect of single PGVS-burst. The possible underlying physiological mechanism could reflect either or both of the following: an accumulation of endogenous acetylcholine preventing further PGVS-induced hyperpolarization25 or a decreased release of acetylcholine during PGVS due to presynaptic muscarinic inhibition feedback. 26 Hence, the masking action of both atropine and physostigmine on PGVS-induced "gap" was based on an attenuation of PGVS-induced hyperpolarization in the AV node, although through different mechanisms.
Discussion
The results presented in this study demonstrate that properly timed brief vagal discharges can modulate the conduction of premature stimuli through the AV node in such a way that stimuli with moderate prematurity are blocked, while earlier stimuli are conducted. It was previously demonstrated in this laboratory24 that simultaneous vagal The curve connecting the stars represents the "normal" time course of excitability related strictly to the prematurity-dependent refractory properties of the AV nodal cells. The curve connecting the circles represents the bell-like time course of PGVS-induced depression of excitability produced by the transient release and hydrolysis of acetylcholine. The solid curve represents the combined effect ofprematurity and PGVS and is a linear summation of the ordinates of the previous two curves. AVnodal block is produced ifthe threshold ofexcitability becomes higher than a critical value (the dotted line). While the left shaded area corresponds to the shortest A1A2 coupling intervals and thus mainly represents prematurity-induced AV nodal block, the right shaded area corresponds to midcycle coupling intervals and represents PGVS-induced A V nodal "gap ": conduction is preserved at both shorter and longer coupling intervals. (See text for details.) discharges in the sinus and AV nodes may result in prolongation of the sinus cycle length accompanied by unexpected depression of AV nodal conduction. Similar findings were later reported in experiments done in ViVO27,28 and were shown to be related to the effect of a respiratory-dependent vagal discharge that overrides the indirect effect of the heart rate on the AV node during respiratory sinus arrhythmia.
The modulation of AV nodal conduction by brief phasic vagal discharges, related to baroreceptor acti- Shown on the abscissa is the time interval (A1A2) elapsed after the last basic beat, A1. In the absence of PGVS, recovery of AV nodal cellular excitability after the last basic beat, A1, follows an exponential curve (stars). This curve represents strictly the effect of prematurity on AV nodal conduction. This assumption is based on the observations of Merideth et a130 on the excitability of different AV nodal cells, including cells from the critical N region. The effect of a specific PGVS-burst (a burst with an APh of 0 was arbitrarily chosen for illustration in Figure  8 ) is represented by the bell-like curve (filled circles). Previously, it was shown that the immediate effect of PGVS was a characteristic hyperpolarization in the N region of the AV node, beginning shortly after the introduction of the PGVS burst.17 This hyperpolarization reached a maximum and then gradually diminished. This time course apparently reflects the process of release and subsequent hydrolysis of acetylcholine. Notably, the combined effect of the prematurity of the extrastimulus at the input to the AV node plus PGVS is represented by the third line obtained by summation of the ordinates of the previous two curves. Hence, in this model, the recovery of AV nodal cellular excitability after the last basic beat would follow a nonuniform time course. After an initial lowering of the threshold of excitability, there would be a transient increase, reflecting the PGVS component, followed by a at even longer A1A2 intervals. If the maximal threshold at which AV nodal conduction is still successful were the one depicted by the dotted line in Figure 8 , then the combined curve of excitability would indicate the development of PGVS-induced "gap." Indeed, shortening of the A1A2 coupling interval (trace the combined curve from right to left) would produce a gradual increase in the AV nodal conduction time and eventually block (the right shaded area), producing the "gap." With further shortening of the A1A2 coupling interval, conduction would resume (threshold of excitability below the critical level). At very short A1A2 coupling intervals AV nodal conduction time would again increase due to the direct effect of the prematurity despite the diminishing PGVS-effect and would again produce AV nodal block (left shaded area).
This simplified model could explain many of the observations demonstrated in this study. For example, if the timing of the PGVS burst were inappropriate (e.g., much later than shown in Figure 8 ), "gap" would not be demonstrated, as the combined curve would not cross the critical threshold level at intermediate A1A2 intervals (compare with Figure 4 , curve d). Alternatively, the combined curve would demonstrate a positive slope without "gap" (i.e., block) if the timing of the PGVS was proper, but the amplitude of PGVS was insufficient (compare with Figure 4 , curve b). On the other hand, one could also generate a wide zone of block instead of two clearly distinguishable zones of block, thus also masking the "gap" (see Figure 3 , curve a).
Limitations of the Model and Its Relation to "Supennomality"
At least three major limitations should be considered in the use of the proposed model. First, while the prematurity-dependent AV nodal cellular excitability was experimentally demonstrated,30 unequivocal data are not yet available regarding the proposed PGVS-dependent time course of excitability (the filled circles, curve in Figure 8 ). We have previously demonstrated that there is a correlation between the level of PGVS induced cellular hyperpolarization and the subsequent depression of N cell action potentials and AV nodal conduction. 17 We now propose that the time course of excitability, related to and after the introduction of a given PGVS burst, will be similar in shape to the time course of cellular hyperpolarization caused by this PGVS burst.
Second, Figure 8 demonstrates the combined threshold of excitability as a linear summation of the effects of prematurity and PGVS. The results from this study (Figures 3, 4 , and 6) suggest that this might be an oversimplification.
Third, we assumed that there was a direct relation between the above-defined time course of excitability and conduction time through the AV node determined at different A1A2 coupling intervals. secondary lowering of the threshold of excitability However,, the level of excitability, particularly of the N cells, is very important but cannot be considered as a single determinant of conduction through the AV node. This might be, in part, due to the additional effects of the vagus on the intranodal organization of conduction.31 Moreover, the multiple pathway network of nodal fibers is a natural determinant of inhomogeneous conduction. 32 Changes in the timing and orientation of the intranodal wavefronts can influence conduction and also produce unexpected ("supernormal") effects. 33 The extrapolation of these previous observations to the present study can help explain findings like those shown in Figure 6 . The depression of AV nodal conduction under the influence of the vagus plus the extrastimulus prematurity might represent a complex way in which an area of the AV node dependent predominantly on PGVS would interact with another area of the AV node, dependent predominantly on the prematurity of stimulation (Figure 7 ). Furthermore, it should be emphasized that the phenomena demonstrated in this study are one more example of an unexpected but explainable behavior of AV nodal conduction, which does not involve supernormality. The portions of the conduction curves with a positive slope (Figures 3 and 4 ) do not represent supernormally improved conduction at shorter coupling intervals but, rather, relatively less vagally induced depression of conduction at these coupling intervals. Although a true supernormal effect was documented in our previous study as a result of PGVS-induced post-hyperpolarization rebound,17 the involvement of this mechanism in the development of the "gap" was not evident.
Classic Gap in AVNode Versus PG VS-Induced Paradoxical A V Nodal Conduction
The classic (i.e., usually accepted) explanation of the gap phenomenon in atrioventricular conduction observed clinically is based on the assumption that it represents a net result of interaction between two units of the conduction system with specific differences between their refractory properties.7,9 The distal unit (the site of the initial block) has the longer effective refractory period (ERPd), which, characteristically, exceeds the functional refractory period of the proximal unit (FRPp). Once the coupling interval at the output of the proximal unit drops to the value of ERPd, the gap will occur. Further shortening of the coupling interval at the input of the proximal unit will also result in conduction block until FRPp is achieved. With even further shortening of the input coupling interval, the increasing delay generated in the proximal unit will produce an increasing proximal output coupling interval. Once the latter again exceeds the ERPd, conduction through the distal unit will resume (i.e., the gap ends). It is clear from this analysis that the total (proximal plus distal) conduction delay at the end of the gap should be more than that at the beginning of the gap due to the delay generated in the proximal unit and, after the end of the gap, further shortening of the input coupling interval will lead to block in the proximal unit, while the distal unit will be "protected" due to the increasing coupling interval at the output of the proximal unit.
When the above mechanism is considered to explain clinically observed gap, apparently limited to the AV node,7"1' it becomes necessary to represent the AV node as a complex multilevel structure. The latter approach has been used to explain other peculiarities of AV nodal conduction. For example, although the normal AV nodal conduction curve generated by the atrial extrastimulus technique was shown to be smooth,23,34-36 discontinuous conduction curves are common and are often considered as typical illustrations of so-called dual AV nodal pathways.14"15,37 It is not surprising that the extreme complexity of the AV nodal structure eventually led to other more specific concepts, such as combined horizontal and longitudinal dissociation of the AV node38 or predominant autonomic nervous influence on conduction in the fast pathway39'40 or variable autonomic influence on refractoriness in the two pathways,41 as well as other possible mechanisms.
The results of the present study demonstrate that PGVS-induced AV nodal "gap" has many unique characteristics. Thus, AV nodal conduction delay at the resumption of conduction (i.e., at the left edge of the gap) was always similar to or even shorter than the conduction delay at the beginning of the "gap" (Figure 4 , curve a, and Figure 5 ). No stepwise change in conduction was evident and, in fact, the generation of a "gap"-curve was preceded by smooth, although biphasic conduction curves (Figure 4 , curves b through d). Furthermore, progressive shortening of the atrial coupling interval after the end of the "gap" was regularly associated with further shortening of the AV nodal conduction time before the secondary increase occurred at very short A1A2 intervals (Figures 4-6 ). This positive slope in the conduction curves was the most characteristic PGVS-induced deformation preceding the development of the 4"gap."
Although the role of brief vagal discharges in the regulation of sinus and AV nodal functions is well recognized19'24,25 and the clinical implication of vagally mediated AV nodal conduction disorders is also documented,39-4 the results of the present study can not necessarily be extrapolated to the clinical setting to entirely explain the mechanisms of AV nodal gaps observed in humans. Indeed, the development of AV nodal gap during clinical electrophysiological studies may not reveal the characteristic positive slope in the conduction curve demonstrated in these experiments. It is important to emphasize that we used rabbit heart preparations totally free of the numerous influences present in the human heart in vivo; furthermore, we produced localized vagal discharges in the AV node with the intensity regulated experimentally. Although we kept the timing of the PGVS burst constant (with respect to the preceding beat, A1) during generation of a given conduction curve, patterned after the constant phasic relations between the cardiac contraction and the subsequent triggering of the baroreceptor reflex,29 we are not certain if our experimentally set parameters regarding the timing and intensity of phasic vagal discharges correspond to those that would occur in vivo. The "gaps" illustrated in the present study should be regarded as an extreme manifestation of the modulation of AV nodal conduction rather than as a ready explanation of AV nodal gap observed clinically. Whereas vagally induced paradoxical responses of the AV node are the result of premature depolarization of transiently hyperpolarized AV nodal cells, the gap phenomena observed clinically may reflect one or several mechanisms, including that classically attributed to functional dissociation of conduction and refractoriness along the conduction system.
